The directional transport of the phytohormone auxin depends on the phosphorylation status and polar localization of PIN-FORMED (PIN) auxin efflux proteins. While PINIOD (PID) kinase is directly involved in the phosphorylation of PIN proteins, the phosphatase holoenzyme complexes that dephosphorylate PIN proteins remain elusive. Here, we demonstrate that mutations simultaneously disrupting the function of Arabidopsis thaliana FyPP1 (for Phytochrome-associated serine/threonine protein phosphatase1) and FyPP3, two homologous genes encoding the catalytic subunits of protein phosphatase6 (PP6), cause elevated accumulation of phosphorylated PIN proteins, correlating with a basal-to-apical shift in subcellular PIN localization. The changes in PIN polarity result in increased root basipetal auxin transport and severe defects, including shorter roots, fewer lateral roots, defective columella cells, root meristem collapse, abnormal cotyledons (small, cup-shaped, or fused cotyledons), and altered leaf venation. Our molecular, biochemical, and genetic data support the notion that FyPP1/3, SAL (for SAPS DOMAIN-LIKE), and PP2AA proteins (RCN1 [for ROOTS CURL IN NAPHTHYLPHTHALAMIC ACID1] or PP2AA1, PP2AA2, and PP2AA3) physically interact to form a novel PP6-type heterotrimeric holoenzyme complex. We also show that FyPP1/3, SAL, and PP2AA interact with a subset of PIN proteins and that for SAL the strength of the interaction depends on the PIN phosphorylation status. Thus, an Arabidopsis PP6-type phosphatase holoenzyme acts antagonistically with PID to direct auxin transport polarity and plant development by directly regulating PIN phosphorylation.
INTRODUCTION
Auxin is a fundamental plant hormone that regulates almost every aspect of plant growth and development, including embryogenesis, organogenesis, apical dominance, tissue regeneration, and tropisms (reviewed in Bennett and Scheres, 2010; Grunewald and Friml, 2010; Peris et al., 2010) . Auxin is transported from its sites of biosynthesis to its sites of action by a polarized auxin transport system. Molecular genetic studies in Arabidopsis thaliana have lead to the identification and functional characterization of several key players of the polarized auxin transport system, such as the auxin uptake carriers AUXIN RESISTANT1/LIKE AUX1 (AUX1/ LAX) (Swarup et al., 2008) , the auxin efflux carriers, including PIN-FORMED (PIN) family proteins Chen et al., 1998; Müller et al., 1998; Friml et al., 2002; Petrásek et al., 2006) , and P-glycoprotein auxin transporters ABCB1 (for ATP BINDING CASSETTE PROTEIN SUBFAMILY B1), ABCB4, and ABCB19 (Terasaka et al., 2005; Bouchard et al., 2006; Blakeslee et al., 2007; Lin and Wang, 2005) . PIN proteins are asymmetrically targeted to the plant cell plasma membranes, resulting in distinct polar subcellular localization in a given tissue. For example, PIN1 is localized in the basal (rootward, lower) plasma membrane of stele cells and xylem cells in the vascular system, which is required for long-distance auxin flow from the shoot apex to the root tip Friml et al., 2002) . PIN2 is expressed in root tissues and is selectively localized to the apical (shootward, upper) side of lateral root cap cells and epidermal cells Kleine-Vehn et al., 2008) . Polar localization of PIN proteins facilitates auxin flow and determines the direction of local intercellular auxin transport and subsequently regulates plant development (Wiśniewska et al., 2006) . Substantial genetic and pharmacological evidence supports the involvement of phosphorylation in the regulation of PINdependent auxin transport polarity (Benjamins et al., 2001; Friml et al., 2004; Zhang et al., 2010 . PINOID (PID), a Ser/Thr kinase, was reported to directly phosphorylate PIN proteins and thus to play an important role in mediating the polar targeting of PIN proteins. Loss of PID function causes an apical-to-basal shift in PIN polarity, while PID gain of function results in the opposite basal-to-apical shift in PIN polarity (Friml et al., 2004; Michniewicz et al., 2007; Huang et al., 2010) . Altered PID activity causes changes in auxin flow, leading to severe defects in various developmental processes (Christensen et al., 2000; Benjamins et al., 2001; Friml et al., 2004) . Besides PID, two other AGC3 kinases, including WAVY ROOT GROWTH1 (WAG1) and WAG2 were also reported to phosphorylate PIN proteins (Dhonukshe et al., 2010) . Overexpression of PID, WAG1, or WAG2 leads to comparable root phenotypes, including root meristem collapse and agravitropic root growth, as a result of the basal-to-apical shift of PIN1, PIN2, and PIN4 localization (Dhonukshe et al., 2010) .
Protein phosphorylation by kinases and dephosphorylation by phosphates represent a major mechanism regulating eukaryotic cell signaling (Terol et al., 2002) . Protein phosphatases can be classified into different groups based on their sequence, structure, and catalytic mechanism (Moorhead et al., 2007) . In general, the PP2A heterotrimeric holoenzyme consists of a catalytic C subunit, a type A regulatory subunit, and a type B regulatory subunit (Terol et al., 2002) . Whereas the A regulatory subunits are composed of tandem HEAT repeats that form a hook-like architecture for binding the catalytic and regulatory B subunits, and are hence also known as the scaffold subunits or structural subunits, the type B regulatory subunits of PP2A are diverse (Farkas et al., 2007; Janssens et al., 2008) . The catalytic subunits of PP2A (PP2Ac), PP4 (PP4c), and PP6 (PP6c) are most closely related, based on their sequence homology (54 to 64% identities); therefore, they are considered to be PP2A-like phosphatases (Moorhead et al., 2007) . However, the specificity of PP2Ac, PP4c, and PP6c function in vivo is derived from a group of regulatory subunits that are unique to their holoenzymes. For example, in mammals, PP2Ac associates with a scaffolding A-a or -b subunit and an additional regulatory B subunit to form the holoenzyme and gain its full activity, PP4c binds to four unique direct binding partners and other partners, and PP6c binds to the SAPS domain proteins and other binding partners, such as ankyrin repeat-containing proteins, to form PP6 holoenzyme and build up the activity specificity (Luke et al., 1996; G.I. Chen et al., 2008; Slupe et al., 2011) . However, the in vivo holoenzyme composition and developmental roles of these phosphatases are still poorly understood in plants.
In Arabidopsis, the type A regulatory subunits of PP2A phosphatase (hereafter, PP2AAs, including PP2AA1, also known as RCN1 [for ROOTS CURL IN NAPHTHYLPHTHALAMIC ACID1], PP2AA2, and PP2AA3), were suggested to regulate PIN phosphorylation state and auxin transport (Garbers et al., 1996; Rashotte et al., 2001; Zhou et al., 2004; Michniewicz et al., 2007) . In addition, it was recently reported that a phytochromeassociated Ser/Thr protein phosphatase, FyPP1, plays a role in regulating the interdigitated expansion pattern of leaf epidermis cells by influencing PIN1 localization (Li et al., 2011) . However, the phosphatase holoenzyme complex(es) responsible for directly interacting with and dephosphorylating PIN proteins still remains to be identified.
In this study, we show that mutations simultaneously disrupting the function of Arabidopsis FyPP1 and its homologous gene FyPP3 cause severe defects in a wide range of developmental processes, resulting in shorter roots, fewer lateral roots, defective columella cells, root meristem collapse, abnormal cotyledons (small, cup-shaped, or fused cotyledons), and altered leaf venation. We demonstrate that FyPP1 and FyPP3 interact with a subset of PIN proteins and regulate PIN protein phosphorylation and targeting in vivo. We further show that FyPP1 and FyPP3 also directly interact with SAL proteins and PP2AAs to form the PP6 heterotrimeric holoenzyme complex. Moreover, mutations simultaneously disrupting the function of four SAL genes also display developmental defects similar to the fypp1 fypp3 double mutants and pp2aa higher order mutants. Our data support a model in which PP6 acts antagonistically with PID to regulate the reversible phosphorylation of PIN and polar targeting, subsequently impacting polar auxin transport and plant development.
RESULTS

Phenotypic Characterization of FyPP1 and FyPP3 Loss-and Gain-of-Function Mutants
In Arabidopsis, FyPP1 (located on chromosome 1) and FyPP3 (located on chromosome 3) encode the catalytic subunits of PP6. These two homologous proteins share 99% amino acid identity, with only three differences out of 303 amino acids, and they share a high level of sequence identity (54 to 57% identities) with the C subunits of PP2A (PP2Ac1-5) (Kim et al., 2002; Farkas et al., 2007; see Supplemental Figure 1 , Supplemental References 1, and Supplemental Data Set 1 online). In vitro assays showed that in contrast with PP2A, which does not need a cation for its activity (Wang et al., 2007) , FyPP3 requires Zn 2+ for its activity (Kim et al., 2002; Wang et al., 2007; see Supplemental Figure 2A online) . In addition, it was reported that Asp-84 (D84) is responsible for the enzyme activity of human PP6 (Kajino et al., 2006) . We thus identified the homologous Asp residues in FyPP1 and FyPP3 (D81) and mutated them into Asn (N) residues (FyPP1 D81N and FyPP3 D81N ). In vitro analyses indicated that the mutant phosphatase lost almost all activity (see Supplemental Figure 2B online), supporting that these amino acids are indeed required for the activity of FyPP1 and FyPP3.
To investigate the role of FyPP1 and FyPP3 in plant developmental processes, we isolated T-DNA insertion mutants of FyPP1 (fypp1) and FyPP3 (fypp3) (see Supplemental Figure 3 online). Single mutants of either fypp1 (f1, hereafter) or fypp3 (f3, hereafter) did not show significant phenotypic differences compared with wild-type plants, indicating a likely functional redundancy between FyPP1 and FyPP3. By contrast, the fypp1 fypp3 (hereafter, f1 f3) double mutant seedlings displayed a wide range of developmental defects, including shorter roots, fewer lateral roots, defective columella cells, root meristem collapse, abnormal cotyledons (small, cup-shaped, or fused cotyledons), and altered leaf venation (Figures 1A to 1C; see Supplemental Figures 4A to 4E online) . Consistent with the root phenotypes, histochemical staining of FyPP1pro:GUS (for b-glucuronidase) and FyPP3pro:GUS transgenic plants showed that both FyPP1 and FyPP3 were ubiquitously expressed in the root ( Figure 1D ).
Since the f3 mutant retains a truncated form of FyPP3 (FyPP3D) (see Supplemental Figure 3 online), which may have partial FyPP3 function, we generated several ethanol-inducible RNA interference (RNAi) lines for FyPP3 in the f1 mutant background (F3Ri/f1, hereafter). Without ethanol induction, the F3Ri/ f1 seedlings did not show any visible phenotypic changes (H) Lugol's staining showing that the staining of starch granules is dramatically reduced in the root tips of F1DN and F3DN roots, while the staining of starch granules is largely normal in F1OE and F3OE roots compared with Col. Bar = 50 mm.
compared with the f1 single mutants or wild-type controls (Columbia [Col] ); however, after ethanol induction, the F3Ri/f1 seedlings exhibited developmental defects similar to or even more severe than those of the f1 f3 double mutant, including dramatically shortened primary roots and defective gravitropism ( Figure 1E ; see Supplemental Figure 4F online). Gene expression analysis showed that expression of FyPP3 in F3Ri/f1 seedlings was silenced after ethanol induction, whereas ethanol itself had no obvious effect on the expression of FyPP3 (Figure 1F ), indicating that the developmental defects in F3Ri/f1 seedlings after ethanol induction were specifically associated with silenced expression of FyPP3.
To further investigate the function of FyPPs in plant development, we generated transgenic Arabidopsis plants overexpressing FyPP1 or FyPP3 (see Supplemental Figures 5A and 5B online). We observed that both 35S:YFP-FyPP1/Col (hereafter, F1OE; YFP for yellow fluorescent protein) and 35S:YFPFyPP3/Col (hereafter, F3OE) seedlings had longer primary roots than wild-type seedlings ( Figure 1G ; see Supplemental Figure  6B online), although the root tip structure of the overexpressors was essentially normal ( Figure 1H) Figure 5J online), indicating that D81 is not only the PP6 active site, but also responsible for the stability of FyPP1 and FyPP3 proteins. Genetic complementation analysis showed that YFP-FyPP1, but not YFP-FyPP1 D81N , fully rescued the f1 f3 mutant root phenotypes (see Supplemental Figure 6A online), indicating that the YFP-FyPP1 fusion protein is biologically functional. Notably, we observed that both F1DN and F3DN seedlings had significantly shorter primary roots and a much weaker Lugol's staining pattern at the root tip than wild-type seedlings (Figures 1G and 1H; see Supplemental Figure 6B online) . Most strikingly, the F1DN and F3DN seedlings were totally agravitropic ( Figure 1G ), which is similar to the pp2aa loss-of-function mutants (Michniewicz et al., 2007) or PID, WAG1, and WAG2 gain-of-function mutants (Benjamins et al., 2001; Dhonukshe et al., 2010) . The agravitropic root growth phenotype was also observed in the F1DN and F3DN seedlings at 10 d after germination (DAG) (see Supplemental Figure 6C online). These observations indicated that overexpression of the D81N mutant forms of FyPP1 and FyPP3 caused a pleiotropic phenotype more severe than that of the f1 f3 double mutant but comparable with that of the F3Ri/f1 seedlings following ethanol treatment. Together, these data suggest that FyPP1 and FyPP3 play a critical role in regulating a broad range of plant developmental processes and that the FyPP1 D81N and FyPP3 D81N mutants most likely regulate plant development in a dominant negative fashion.
In general, the range of root and cotyledon defects in different FyPP loss-of-function mutants was strongly reminiscent of the defects reported for auxin signaling mutants, such as mp (Schlereth et al., 2010) and wax1 (Ge et al., 2010) , or auxin transport mutants, such as mutants defective in multiple PIN (A) DR5:GUS activity is reduced in f1 f3, F1DN, and F3DN roots but normal in the F1OE roots compared with Col. Twenty plants were used in each GUS staining experiment, with three replicates. (B) f1 f3 mutant roots are less sensitive, while F1OE and F3OE roots are more sensitive to gravistimulation than Col at different time points after reorientation (4, 8, 12 , and 24 h). (D) The root auxin basipetal transport is enhanced in f1 f3 roots, while slightly reduced in F1OE and F3OE roots, compared with Col. rcn1 was used as a positive control. (E) NPA largely restores the starch staining pattern in f1 f3, F1DN, and F3DN root tips. Twenty plants were used in each Lugol's staining experiment, with three replicates. Error bars represent SE; n = 20. Asterisks indicate the levels of statistical significance as determined by Student's t test: *P < 0.001 and **P < 0.04 versus Col; n $ 20. Bars = 50 mm in (A) and (E).
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The Plant Cell auxin transporters (Friml et al., 2003 , Blilou et al., 2005 , or pp2aa loss-and PID gain-of-function mutants that are defective in PIN polar localization (Friml et al., 2004; Michniewicz et al., 2007) .
FyPP1 and FyPP3 Are Required for Polar Auxin Transport
Phenotypic characterization of the FyPP loss-of-function mutants and overexpression lines suggested that many of the altered developmental processes were related to developmental processes regulated by auxin. To investigate this further, we examined the activity of an auxin response reporter, DR5:GUS (Ulmasov et al.,1997) , in the root tips of Col, F1OE, f1 f3, F1DN, and F3DN plants. GUS signal was much lower in the f1 f3, F1DN, and F3DN roots compared with Col but not in the F1OE roots (Figure 2A ), indicating that auxin responses and/or auxin transport were indeed affected in the FyPP loss-of-function plants.
We also examined the responses of f1 f3, F1OE, and F3OE plants to exogenously applied auxin. When treated with the synthetic auxins 2,4-D or naphthalene-1-acetic acid, elongation of wild-type, f1 f3, F1OE, and F3OE roots was similarly inhibited (see Supplemental Figure 7A online). We also observed comparable induction of DR5 activity in wild-type, f1 f3, F1OE, and F3DN plants after indole-3-acetic acid (IAA) treatment (see Supplemental Figure 7B online). These data suggested that auxin responses are relatively normal in plants with altered FyPP1/FyPP3 function.
Root bending in response to gravity is a typical adaptation growth response dependent on regulated polar movement of auxin (Swarup et al., 2005) . To study the potential role of FyPPs in gravitropism, we used a root-bending assay to investigate the responses of f1 f3, F1OE, and F3OE seedlings to gravistimulation. We observed that the f1 f3 double mutants showed a delayed response to gravistimulation compared with Col plants, while the F1OE and F3OE plants showed a hyperbending response to Arabidopsis PP6 Regulates Auxin Effluxgravistimulation ( Figure 2B ). Similarly, the root vertical growth index confirmed the root gravitropic defect in the f1 f3 double mutant and the F1DN and F3DN lines ( Figure 2C ). These observations suggested that auxin transport is altered in the f1 f3 double mutant and in the F1DN, F3DN, F1OE, and F3OE lines.
To confirm a role for FyPP1 and FyPP3 in auxin transport, we measured the uptake of 3 H-labeled IAA in the roots of f1 f3 mutants and F1OE and F3OE lines. Root basipetal auxin transport was enhanced in f1 f3 mutants but slightly suppressed in F1OE and F3OE plants ( Figure 2D ). We were unable to directly measure auxin transport in the roots of F1DN and F3DN transgenic lines due to their extremely short roots and disrupted root structure. In addition, we observed that the auxin transport inhibitor 1-N-naphthylphthalamic acid (NPA) could similarly inhibit the root basipetal auxin transport in Col and f1 f3 roots (see Supplemental Figure 8 online) and largely correct the root tip defects of the f1 f3 mutant and the F1DN and F3DN lines ( Figure  2E ), further supporting the notion that f1 f3, F1DN, and F3DN mutants are mainly affected in auxin transport.
FyPP1 and FyPP3 Are Required for PIN Protein Polar Localization
The phenotype similarity between FyPP mutants and mutants with defective PIN polar localization (Benjamins et al., 2001; Michniewicz et al., 2007) , and the localization of YFP-FyPP1 and YFP-FyPP3 proteins to the plasma membrane of the root cells (see Supplemental Figure 9 online) prompted us to test whether FyPP1 and FyPP3 are required for proper PIN localization. We performed immunolocalization of PIN1 and PIN2 in f1 f3, F1DN, and F3DN mutants. In Col roots, PIN1 is localized to the basal side in the stele cells (Blilou et al., 2005 ; Figure 3A ) and PIN2 is localized to the apical side in epidermal and to the basal side in cortical cells (Friml et al., 2004 ; Figure 3B ), whereas in the f1 f3, F1DN, and F3DN roots, there is a switch from basal to apical localization for PIN1 in the stele cells ( Figure 3A ) and for PIN2 in the cortical cells ( Figure 3B ), although the apical localization of PIN2 in epidermal cells was not affected ( Figure 3B ). Statistical analysis showed that, compared with the Col wild type, more stele cells showed disrupted PIN1 polar localization and more cortical cells showed disrupted PIN2 polar localization (with apical or apolar localization) in f1 f3, F1DN, and F3DN roots ( Figure 3C ). We also crossed a PIN2pro:PIN2-GFP (for green fluorescent protein) reporter gene into the f1 f3 mutant background. As expected, we observed a basal-to-apical shift of PIN2-GFP in the cortical cells of f1 f3 roots, although the apical localization of PIN2-GFP appears to be normal in epidermal cells of f1 f3 roots ( Figure 3D ). Taken together, these observations indicate that FyPP1 and FyPP3 are required for proper PIN polar localization to the basal side of cells and loss of their activity leads to a basal-to-apical shift in PIN targeting.
FyPP1 and FyPP3 Directly Dephosphorylate PIN Proteins
We next examined whether phosphorylation of PIN proteins is affected in plants with altered PP6 activity using the hydrophilic loops (HLs) of PIN2 as the substrate (Michniewicz et al., 2007; Dhonukshe et al., 2010) . Equal amounts of recombinant HIS-PIN2HL proteins were coincubated separately with equal amounts of extracts prepared from wild-type, f1 f3 mutant, PID-OE, F1DN, and F1OE transgenic plants in an in vitro phosphorylation assay. The amounts of phosphorylated PIN2HL were higher in samples treated with protein extracts from f1 f3, F1DN, and PID-OE transgenic plants, but not with protein extracts from F1OE plants, compared with Col ( Figure 4A ). These data indicate that the protein extracts derived from plants that lack PP6 activity, such as f1 f3 and F1DN mutants, have reduced abilities to dephosphorylate PIN2HL. To confirm our conclusion, we grew F3Ri/f1 seedlings on germination media (GM) plates for 3 d and then transferred these seedlings to fresh (A) In vitro kinase assay shows that the abundance of phosphorylated HIS-PIN2HL is higher when treated with plant extracts derived from PID-OE (POE), f1 f3, and F1DN seedlings compared with the treatments with plant extracts derived from Col and F1OE seedlings. WT, the wild type. (B) In vitro kinase assay shows that the abundance of phosphorylated HIS-PIN2HL is higher when treated with plant extracts derived from F3Ri/f1 seedlings induced by ethanol than when treated with plant extracts derived from Col seedlings with or without ethanol induction and F3Ri/f1 seedlings without ethanol induction. (C) Increased accumulation of higher molecular weight PIN2-GFP bands in f1 f3 roots compared with Col. These bands are sensitive to l-phosphatase treatment but stable in the presence of phosphatase inhibitors. Mn 2+ was added to each reaction to make the reaction buffer comparable. Ponceau S staining shows the loading control. PM, plasma membrane.
[See online article for color version of this figure. ]
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The Plant Cell GM plates with or without ethanol for another 3 d, when F3Ri/f1 seedlings showed agravitropic growth after ethanol induction (see Supplemental Figure 10 online). In vitro phosphorylation assay showed that the amounts of phosphorylated PIN2HL were obviously higher in the sample treated with protein extracts from F3Ri/f1 plants induced by ethanol but not in the samples treated with protein extracts from F3Ri/f1 plants without ethanol induction or Col seedlings with or without ethanol treatment ( Figure 4B ). To test whether FyPP1/3 dephosphorylates PIN2 in vivo, we compared the migration of PIN2-GFP from Col and f1 f3 
The Plant Cell backgrounds on SDS-PAGE gels. We observed more accumulation of the slowly migrating forms of PIN2-GFP (presumably phosphorylated isoforms) in f1 f3 extracts ( Figure 4C ). These bands were sensitive to l-phosphatase treatment but stable in the presence of phosphatase inhibitors ( Figure 4C ). These data further support the notion that dephosphorylation of PIN2-GFP in vivo is dependent on FyPP1 and FyPP3 activity.
FyPP, SAL, and the PP2AA Proteins Interact to Form the PP6 Heterotrimeric Holoenzyme
Considering the high sequence similarities among FyPP1, FyPP3, and PP2Ac1-5 (Kim et al., 2002 ; see Supplemental Figure 1 online) and the similar phenotypes of PP2AAs and FyPPs loss-of-function mutants, we reasoned that PP2AAs may also serve as the A regulatory subunits of PP6. In addition, it is known that SAPS domain proteins are the type B regulatory subunits of PP6 in humans . Homology searches identified four Arabidopsis SAPS domain-like proteins (SAL1-4), which share 45 to 72% sequence similarity. The Arabidopsis Information Resource public database shows that SAL proteins are located in either the plasma membrane or the endomembrane system (http:// www.Arabidopsis.org/), which is similar to the subcellular localization of PP2AAs (Michniewicz et al., 2007; Blakeslee et al., 2008) and the membrane localization of FyPPs (see Supplemental Figure 9 online). We examined protein-protein interactions between these subunits in yeast and plants. Yeast two-hybrid (Y2H) assays showed that both PP2AAs (RCN1 and PP2AA3) and SAL1 directly interacted with FyPP1, and the N-terminal region of FyPP1 is responsible for these interactions ( Figures 5A to 5C ). Interestingly, we observed that FyPP1 was necessary for the interaction between RCN1 and SAL1 in a yeast three-hybrid assay ( Figures 5C and 5D ), suggesting that FyPP1, RCN1, and SAL1 could form a protein complex in yeast cells. Furthermore, in vivo coimmunoprecipitation assays showed that RCN1 coimmunoprecipitated with FyPP1 ( Figure 5E ) and that SAL1 and RCN1 together coimmunoprecipitated with FyPP1 in plant cells ( Figure 5F ). A gel filtration assay also showed that YFP-RCN1, SAL1-HA, and YFP-FyPP3 proteins were most abundant in the fractions around 440 kD ( Figure 5G ), which is consistent with the size of the previously purified human PP6 holoenzyme (Stefansson et al., 2008) . These results further confirmed that FyPP1 (or 3), RCN1, and SAL1 interact with each other to form a PP6-type phosphatase holoenzyme in vivo.
FyPP, SAL, and the PP2AA Proteins Interact with a Subset of PIN Proteins
To test whether PIN proteins may serve as the direct substrates of PP6 phosphatase, we performed a luciferase complementation assay (LCI) to check the interactions between PIN and FyPP1, RCN1, or SAL1. We observed that PIN1, PIN2, PIN3, and PIN4, but not AUX1 (which is an auxin influx carrier), interacted with both FyPP1 and FyPP3 in plant cells ( Figure 6A ). In addition, RCN1 interacted with PIN1, PIN2, and PIN3 at the HL ( Figure 6B ). We also observed the interactions between SAL1 and PIN1, PIN2, or PIN3 in plant cells ( Figure 6B ). These observations suggest that at least a subset of PIN proteins is the direct substrate of PP6 holoenzyme phosphatase. Further, in vivo coimmunoprecipitation assays showed that PIN2HL coimmunoprecipitated with RCN1, SAL1, and FyPP1 in plant cells ( Figure 6C ), and a bimolecular fluorescence complementation assay (BiFC) assay showed that FyPP3 interacted with both PIN1 and PIN2 at the membrane of onion (Allium cepa) cells (see Supplemental Figure 11 online). Taken together, these observations support the claim that PIN proteins are the direct targets of PP6 holoenzyme phosphatase activities. It was reported that the Ser residues in PIN evolutionarily conserved TPRxS(N/S) motifs in the HLs are direct targets of AGC3 kinases and play critical roles in regulating proper PIN localization and auxin transport (Dhonukshe et al., 2010; Huang et al., 2010) . To test whether these amino acid residues are involved in the interaction between PP6 and PIN1 or PIN2, we conducted site-directed mutagenesis to convert Ser into the nonphosphorylatable residue Ala (PIN1HL, A3; PIN2HL, A3) or into the phosphorylation-mimic Asp (PIN1HL, D3; PIN2HL, D3). We performed Y2H assays to investigate the interactions between various PIN HL proteins and SAL1. As shown in Figure  6D , the phosphorylation-mimic mutation of PIN1HL (P1HL, D3) and PIN2HL (P2HL, D3) enhanced the interaction between PIN1HL and SAL1 or PIN2HL and SAL1, respectively. These data suggest that these Ser sites are critical for mediating the interaction between PIN and PP6 and indicate a role for SAL1 in determining the substrate specificity of PP6. To gain genetic evidence for the role of SAL genes in regulating auxin transport and root development, we isolated sal1, sal2, sal3, and sal4 loss-of-function mutants (see Supplemental Figures 12A and 12B online) . We did not observe significant phenotypic changes in sal1, sal2, sal3, and sal4 single mutant seedlings compared with Col (see Supplemental Figure 12C online), indicating that there is probably functional redundancy among the members of the SAL gene family. However, transgenic plants overexpressing SAL1 (35S:SAL1-3HA/Col; SAL1-OE, hereafter; see Supplemental Figure 12D online) had much longer roots than Col (see Supplemental Figures 12E and 12F online), suggesting a role for SAL1 in regulating root development.
To further understand the role of SAL genes in plant development, we used an ethanol-inducible artificial microRNA (amiRNA) approach to simultaneously silence multiple SAL genes (Schwab et al., 2006; Michniewicz et al., 2007) . We designed an amiRNA (amiR-SAL) to silence the expression of SAL1, SAL3, and SAL4 and introduced this amiR-SAL into the sal2 mutant background (AlcA-AlcR:amiR-SAL/sal2 or ARS2, hereafter). We observed that after ethanol induction, ARS2 seedlings had shorter roots than Col and exhibited agravitropic root growth (Figures 7A to 7C) . Expression of SAL1, SAL3, and SAL4 was dramatically inhibited in the ARS2 lines after ethanol induction ( Figure 7D ), suggesting that the root development defects of ARS2 plants after ethanol induction are specifically associated with altered expression of the SAL genes.
To further test whether the SAL genes are involved in regulating PIN protein phosphorylation and targeting, we conducted an in vitro phosphorylation assay. We grew ARS2 seedlings on GM plates for 3 d and then transferred these seedlings to fresh GM plates with or without ethanol for another 3 d, when ARS2 seedlings showed agravitropic root growth after ethanol induction (see Supplemental Figures 13A and 13B online) . We observed that the amounts of phosphorylated PIN2HL increased in the sample treated with protein extracts from ARS2 plants induced by ethanol but not in the samples treated with protein extracts from ARS2 plants without ethanol induction or Col seedlings with or without ethanol treatment (see Supplemental Figure 13C online). Immunostaining assays showed that, similar to the observations in PP2AAs loss-of-function mutants (Michniewicz et al., 2007) , f1 f3, F1DN, and F3DN mutants (Figure 3) , PIN1 localization has a basal-to-apical switch in the stele cells in ARS2 roots ( Figure 7F ) compared with its basal localization in Col ( Figure 7E ). In addition, more PIN2 was localized to the apical side in the cortical cells in ARS2 roots ( Figure 7H ) compared with the basal localization in the cortical cells in Col roots ( Figure 7G ), although its apical localization was not affected in epidermal cells in ARS2 roots compared with Col ( Figures 7G and 7H ). These observations suggest that, like PP2AAs (Michniewicz et al., 2007) and FyPPs, SALs also regulate root development by regulating PIN phosphorylation and polar targeting. 
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PP6 Acts Antagonistically with PID to Regulate Plant Development
To further test the genetic interactions between FyPPs and RCN1 and SAL1, we introduced the f1 f3 mutation into the rcn1-6 (Blakeslee et al., 2008) and sal1 mutant backgrounds. Both rcn1 f1 f3 and sal1 f1 f3 triple mutants had shorter roots than their parental lines ( Figure 8A) . Notably, the rcn1 f1 f3 triple mutants were almost completely agravitropic, whereas rcn1 f1 2/ + f3 seedlings showed reduced sensitivity to gravity compared with their parental lines ( Figure 8B ). Considering that f1 2/+ f3 (f1 is heterozygous and f3 is homozygous) seedlings did not show significant phenotypic changes, this result suggests that f1 and f3 have a dosage effect on the phenotype of rcn1. In addition, we observed that sal1 f1 f3 triple mutant seedlings showed a reduced sensitivity to gravity and the phenotype was much more severe than the parental plants ( Figure 8B ). These observations suggest that FyPPs, PP2AAs, and SALs function synergistically to regulate plant development.
To investigate the genetic interactions between PP6 and PID, we introduced 35S:PID-GFP (PID-OE) into f1 f3, F1DN, and F3DN backgrounds by genetic crosses. Both the triple mutant f1 f3 PID-OE and the double mutants F1DN PID-OE and F3DN PID-OE showed stronger phenotypes than their parental lines, such as shorter roots and smaller cotyledons ( Figure 8C ). We also introduced the pid mutation (pid-14; Huang et al., 2010) into the f1 f3 background. Since the homozygotes of both pid (Dhonukshe et al., 2010) and f1 f3 are infertile, we used F2 seedlings of pid f1 f3 for phenotyping. In pid +/2 (pid is heterozygous) populations, 12% (n = 98) of seedlings had three cotyledons, consistent with the previous observations of pid-14 (Dhonukshe et al., 2010) , while in pid +/2 f1 +/2 f3 +/2 (pid, f1, and f3 are all heterozygous) populations, we observed that only 6.5% (n = 836) of seedlings had three cotyledons ( Figure 8D ). These data suggest that f1 f3 has a dosage effect on the cotyledon phenotypes of pid mutants and that f1 f3 can attenuate the pid cotyledon phenotypes. These data together suggest that FyPP1 and FyPP3 act antagonistically with PID to regulate plant development.
Several previous studies reported a role for PP2AAs (PP2AA1/ RCN1, A2, and A3 proteins) in regulating PIN phosphorylation, polar localization and auxin transport (Rashotte et al., 2001; Michniewicz et al., 2007) ; however, the role of putative catalytic subunits of PP2A (PP2Ac) in regulating PIN protein phosphorylation and auxin transport has not been demonstrated. The Arabidopsis genome contains five genes encoding the putative c subunits of PP2A (PP2Ac1-5), and presumably these genes have redundant functions in regulating plant development. It (A) The rcn1 f1 f3 and sal1 f1 f3 triple mutants had shorter primary roots than their parental lines. Error bars represent SE. Asterisks indicate levels of statistical significance as determined by Student's t test: *P < 0.01 versus f1 f3 and **P < 0.001 versus Col, n $ 20. (B) The triple mutants of rcn1 f1 +/2 f3, rcn1 f1 f3, and sal1 f1 f3 were less sensitive to gravistimulation than their parental lines at various time points after reorientation (4, 8, 12 , and 24 h). Error bars represent SE; n = 20. was reported that the first Asp (D) residue in the conserved GDxVD motif of the PP2Ac N-terminal is critical for the phosphatase activity (Ogris et al., 1999 ; see Supplemental Figure 1 online). To investigate the role of PP2Ac subunits in regulating auxin transport, we generated an inactive mutant form of PP2Ac4 by mutating this active Asp into Asn (PP2Ac4 D89N ; Ogris et al., 1999) , mimicking the FyPP1 D81N and FyPP3 D81N mutant forms. We generated transgenic Arabidopsis plants that overexpress wild-type PP2Ac4 (35S:YFP-PP2Ac4/Col; hereafter, C4OE) or mutated PP2Ac4 D89N (35S:YFP-PP2Ac4 D89N /Col; hereafter, C4DN) (see Supplemental Figure 14 online). Notably, neither C4OE nor C4DN seedlings showed obvious phenotypic changes compared with Col seedling, in sharp contrast with the drastic phenotypic changes observed in F1DN or F3DN seedlings (see Supplemental Figures 14B and 14C online) . These observations suggest that the putative C subunits of PP2A may only play a minor role, if any, in regulating auxin transportdependent plant development.
DISCUSSION
In this study, we collected several lines of evidence supporting the claim that FyPP1/FyPP3, SAL, and PP2AAs proteins form a PP6 holoenzyme that plays a major role in regulating PIN phosphorylation, polar targeting, auxin transport, and diverse plant developmental processes. First, based on cation requirement, FyPP1 and FyPP3 proteins belong to PP6c, as they require Fe 2+ or Zn 2+ for their activity (Kim et al., 2002; Farkas et al., 2007 ; this study), whereas PP2A activity does not need metal ion (Wang et al., 2007) . Second, FyPP1/3, SAL, and PP2AA proteins (RCN1, A2, and A3) physically interact with each other as demonstrated by a suite of Y2H, in vivo coimmunoprecipitation, and gel filtration assays. Third, FyPP1/3, SAL, and PP2AA proteins physically interact with a subset of PIN proteins, and the strength of their interaction appears to be regulated by the phosphorylation status of PIN proteins. Fourth, the phosphorylated PIN proteins overaccumulate in the f1 f3 double mutants and ARS2 transgenic lines. Fifth, the f1 f3 double mutants and the F3Ri/f1 lines after ethanol induction displayed phenotypes similar to pp2aa higher-order mutants or PP2AA amiRNA transgenic plants, including defective root development, failure of tissue patterning, and enhanced basipetal auxin transport in the roots (Rashotte et al., 2001; Zhou et al., 2004; Michniewicz et al., 2007) , suggesting that FyPPs, SAL genes, and PP2AAs have comparable roles in regulating auxin transport and plant development. Sixth, we observed a basal-to-apical shift of PIN1 localization in the stele cells and a basal-to-apical shift of PIN2 localization in the cortical cells of f1 f3, F1DN, and F3DN roots, as previously observed in the gain-of-function PID, WAG1, and WAG2 lines (Friml et al., 2004; Dhonukshe et al., 2010) . Seventh, increased basipetal auxin transport was observed in the roots of f1 f3 double mutants and F1DN and F3DN mutants. Eighth, we observed an antagonistic role of PID and PP6 in regulating plant development. These observations together provide strong evidence for a model in which PP6-mediated dephosphorylation promotes basal targeting of PIN proteins, while PID-dependent phosphorylation promotes apical PIN localization and subsequently regulates polar auxin transport and plant development (Figure 9 ). Consistent with our conclusions, a recent study also reported a role for FyPP1 in regulating the interdigitated expansion pattern of leaf epidermis cells by modulating PIN1 localization (Li et al., 2011) .
It is notable that several previous studies have implied that the PP2A phosphatase is the major phosphatase regulating PIN phosphorylation and auxin transport. However, these studies are all based on the functional characterization of PP2AA proteins (the type A regulatory subunits; Rashotte et al., 2001; Michniewicz et al., 2007) or FyPP1 (the catalytic subunit; Li et al., 2011) in isolation. In this study, we first provided biochemical evidence that FyPP1 and FyPP3 function as the catalytic subunits of PP6, rather than PP2A, based on their ion requirement. Second, we showed that the PP2AA proteins (RCN1 and A3) could physically interact with FyPP1/FyPP3 and SAL proteins (the B regulatory subunits of PP6). Thus, the PP2AA proteins are most likely promiscuous and can participate in the assembly of both PP2A and PP6 holoenzymes. Third, we showed that there is a synergistic interaction among FyPP1 (or 3) (catalytic subunit), RCN1 (PP2AA1), and SAL1 in regulating plant development. Fourth, transgenic lines overexpressing a dominant-negative form of PP2Ac4 D89N did not show obvious phenotypic changes at the seedling stage, in contrast with the drastic phenotypic changes observed in F1DN or F3DN seedlings, suggesting that PP6, rather than PP2A, is the primary phosphatase that regulates auxin transport-dependent plant developmental processes. Our results also argue for the importance of characterizing the holoenzyme complex rather than considering the subunits in isolation in functional studies of PP2A or PP2A-like phosphatases.
Regulation by reversible phosphorylation of cell polarity proteins has also been reported to be crucial for apical-basal polarity in epithelial cells, for planar cell polarity, and for neuronal The A subunit (RCN1) interacts with the N-terminal of the catalytic C subunit (FyPP1 or FyPP3) to form the PP6 core dimer (PP6 D ). Proper function and regulation of PP6 is achieved by the association of SAL1, the regulatory B subunit, with the N terminus of the catalytic C subunit within the PP6 D , resulting in the assembly of PP6 heterotrimeric holoenzyme that may specifically interact with and dephosphorylate the conserved Ser residues (S) in the TPRxS(N/S) motifs of PIN proteins in the HLs to regulate PIN basal localization. By contrast, the Ser/Thr AGC3 kinase PID may phosphorylate PIN proteins at these sites to regulate PIN apical localization. p, phosphate; PM, plasma membrane.
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The Plant Cell polarization and axon growth in animals (Krahn et al., 2009; Amato et al., 2011; Gao et al., 2011) . For example, the phosphorylation status of immunoglobulin receptors and Baz proteins has been shown to be crucial for their proper localization in mammalian epithelial cells and photoreceptor cells (Casanova et al., 1990; Nam et al., 2007) , respectively. However, two major differences became evident concerning PP6 composition and cell polarity protein localization control in animals and plants. First, PP6 is composed of PP6c, a SAPS domain protein (PP6R), and an ankyrin repeat protein in animals (Stefansson et al., 2008) , while we show here in Arabidopsis (and probably other plants) that PP6 is composed of FyPP1 (or 3), RCN1, and SAL1 proteins and thus represents a novel PP2A-like (including PP2A, PP4, and PP6) phosphatase holoenzyme identified in plants. Second, PP2A has been shown to play a major role in regulating cell polarity protein localization in Drosophila melanogaster (Nam et al., 2007; Krahn et al., 2009) , while PP6 was shown to have broad functions in cell development in mammals, including cell cycle regulation, inflammatory responses, tumor necrosis factor signaling and DNA damage repair (Bastians and Ponstingl, 1996; Kajino et al., 2006; Douglas et al., 2010) . Here, we show that in plants, PP6, rather than PP2A, plays a primary role in regulating PIN protein dephosphorylation, PIN polarization, and auxin transport. Thus, functional divergence among PP2A-like phosphatases (Moorhead et al., 2007) in regulating cell polarity proteins likely occurred during the evolution of plants and animals. Further dissection of the functional relationships between the multigene families of PP6 and their substrates (Farkas et al., 2007; Wang et al., 2007) in different tissues/developmental stages/in response to different external signals will ultimately lead to insights into pattern formation and organogenesis in plants.
METHODS Plant Materials and Growth Conditions
The T-DNA insertion mutants of fypp1 (or f1, CS874166), fypp3 (or f3, CS877364), rcn1-6 (SALK_059903; Blakeslee et al., 2008) , sal1 (SALK_035181), sal2 (C3806869), sal3 (SALK_039664), sal4 (SALK_144179), and pid-14 (SALK_049736) were ordered from the Salk Institute. The T-DNA insertions of f1, f3, rcn1-6, sal1, sal2, sal3, sal4, and pid-14 were confirmed by PCR/ sequencing; the homozygotes were identified by genotyping and further confirmed by RT-PCR expression analysis. Primers are listed in Supplemental Table 1 online. The PIN2pro:PIN2-GFP reporter line and DR5:GUS were reported previously Ulmasov et al.,1997) . The 35S:PID-GFP transgenic line was generated in Yunde Zhao's laboratory (Y. Zhao and G. Qin, unpublished data). Seeds were surface sterilized with 30% bleach and 0.02% Triton X-100 for 15 min, washed with sterile distilled water four times, imbibed for 4 d at 4°C in the dark, germinated on 15-cm square Petri dishes containing Murashige and Skoog (MS) medium (0.8% agar, 13 MS salts, 1.5% Suc, and 0.5 g/L MES, pH 5.7) and grown in a plant growth chamber at 22°C.
Constructs and Transgenic Lines
For plant transformation, full-length FyPP1, FyPP3, SAL1, and PP2Ac4 cDNAs were obtained by RT-PCR with F1-F1/R1, F3-F1/R1, SAL-F/R, and C4-F/R primers, respectively, and cloned into the pGEM T-Easy vector to generate pGEM-FyPP1, pGEM-FyPP3, and pGEM-PP2Ac4 plasmids or into the pJET1.2 vector (Fermentas) to generate pJET-SAL1. FyPP1 and PP2Ac4 were released from pGEM-FyPP1 or pGEM-PP2Ac4 by BamHI and XhoI digestion, respectively. FyPP3 was released from the pGEM-FyPP3 plasmid by BglII and XhoI digestion. These fragments were inserted into the pSAT6-EYFP-C1 vector to produce pSAT6-YFP-FyPP1, pSAT6-YFP-FyPP3, and pSAT6-YFP-PP2Ac4 plasmids, respectively. SAL1 was released from pJET-SAL1 by EcoRI and SalI digestion and cloned into pSAT6-3HA (Park et al., 2008) to produce pSAT6-SAL1-3HA. The expression cassettes 2X35S:EYFP-FyPP1, 2X35S:EYFP-FyPP3, 2X35S:EYFP-PP2Ac4, and 2X35S:SAL1-3HA were released from pSAT6-YFP-FyPP1, pSAT6-YFP-FyPP3, pSAT6-YFP-PP2Ac4, and pSAT6-SAL1-3HA by PI-PspI digestion and then inserted into the pRCS2-Bar-OCS binary vector (Tzfira et al., 2005) to generate pRCS2(Bar)-YFPFyPP1, pRCS2(Bar)-YFP-FyPP3, and pRCS2(Bar)-YFP-PP2Ac4 plasmids or inserted into pRCS2-Kan-OCS to generate pRCS2(Kan)-SAL1-3HA. The D81N mutations in FyPP1/FyPP3 and the D89N mutation in PP2Ac4 were generated with the primers F1DN-F/R, F3DN-F/R, and C4DN-F/R, and the full-length cDNA fragments containing the mutations were cloned into the pGEM T-Easy vector to generate pGEM-FyPP1 D81N , pGEMFyPP3 D81N , and pGEM-PP2Ac4 D89N plasmids, respectively. Using a similar strategy, the expression cassettes 2X35S:EYFP-FyPP1 D81N , 2X35S:EYFP-FyPP3 D81N , 2X35S:EYFP-PP2Ac4, and 2X35S:EYFPPP2Ac4 D89N were inserted into the pRCS2-OCS binary vector to generate the pRCS2 (hpt)-YFP-FyPP1 D81N , pRCS2 (hpt)-YFP-FyPP3 D81N , pRCS2 (Bar)-YFP-PP2Ac4, and pRCS2 (Bar)-YFP-PP2Ac4 D89N plasmids, respectively. The FyPP1 and FyPP3 promoters were obtained by PCR with the primers F1p-F/R and F3p-F/R using Arabidopsis thaliana genomic DNA as the template and cloned into the pGEM T-Easy vector to generate the pGEM-FyPP1pro and pGEM-FyPP3pro plasmids, respectively. The FyPP1pro and FyPP3pro inserts were then released from pGEM-FyPP1p and pGEM-FyPP3p by digestion with EcoRI and NcoI and cloned into the pCAMBIA 3301 vector to generate the pCAMBIA-FyPP1pro:GUS and pCAMBIA-FyPP3pro:GUS plasmids, respectively. The FyPP3 fragment (221 to 540) was amplified from pGEM-FyPP3 with F3Ri-F1/R, digested by XhoI and KpnI, and then inserted into the pHANNIBAL vector (Wesley et al., 2001 ) to generate pHAN-FyPP3ia. The same FyPP3 fragment was amplified with F3Ri-F2/R and digested by BamHI and ClaI and then inserted into pHAN-FyPP3ia to generate pHAN-FyPP3RNAi. The FyPP3RNAi fragment was released from pHAN-FyPP3RNAi by EcoRI and SalI digestion and then inserted into pZM104 (gift from Eric Lam, Rutgers, The State University of New Jersey) to generate the binary vector AlcAAlcR:FyPP3RNAi. amiRNA of SAL genes (amiR-SAL) was designed and the primers for amplifying the microRNA were generated with WMD3 (http://wmd3.weigelworld.org/cgi-bin/webapp.cgi; Schwab et al., 2006) . Finally, amiR-SAL was inserted into pZM104 to generate the binary vector AlcA-AlcR:amiR-SAL. All fragments were confirmed by sequencing before cloning into the binary vectors. Various binary vectors were then introduced into Agrobacterium tumefaciens strain GV3101 and transformed into Arabidopsis Col-0 ecotype or designed mutant backgrounds using the flower dip method (Clough and Bent, 1998) . Positive transformants were selected on MS plates containing the appropriate antibiotics.
For LCI assays, full-length cDNAs of FyPP1 and FyPP3 were released from pGEM-FyPP1 and pGEM-FyPP3 by digestion with KpnI and XhoI; SAL1 was released from pJET-SAL1 by digestion with KpnI and SalI. Fulllength cDNAs of PIN1, PIN4, SAL4, AUX1, and RCN1 and the coding regions of PIN1HL, PIN2HL, and PIN3HL were obtained by RT-PCR with the primers PIN1-F/R, PIN4-F/R, SAL4-F/R, AUX1-F/R, RCN1-F/R, P1HL-F/R, P2HL-F/R, and P3HL-F/R, respectively, and then cloned into the pJET1.2 vector to generate pJET-PIN1, pJET-PIN4, pJET-SAL4, pJET-AUX1, pJET-RCN1, pJET-PIN1HL, pJET-PIN2HL, and pJET-PIN3HL plasmids, respectively. All fragments were confirmed by sequencing.
PIN1 and PIN1HL were released from pJET-PIN1 and pJET-PIN1HL digested with KpnI and SalI, respectively; PIN2HL, PIN4, PIN3HL, AUX1, RCN1, and SAL4 were released from pJET-PIN2HL, pJET-PIN4, pJET-PIN3HL, pJET-AUX1, pJET-RCN1, and pJET-SAL4 by KpnI and XhoI digestion, respectively. These fragments were cloned into the pCAM-BIA1300-cLUC and -nLUC vectors (H. to generate pCAMBIA-FyPP1-nLUC, pCAMBIA-FyPP3-nLUC, pCAMBIA-PIN1-nLUC, pCAMBIA-PIN4-nLUC, pCAMBIA-SAL1-nLUC, pCAMBIA-SAL4-nLUC, pCAMBIA-AUX1-nLUC, pCAMBIA-RCN1-nLUC, pCAMBIA-PIN1HL-nLUC, pCAMBIA-PIN2HL-nLUC, pCAMBIA-PIN3HL-nLUC, pCAMBIA-cLUC-FyPP1, pCAMBIA-cLUC-FyPP3, pCAMBIA-cLUC-PIN1, pCAMBIA-cLUC-PIN4, pCAMBIA-cLUC-SAL1, pCAMBIA-cLUC-SAL4, pCAMBIA-cLUC-AUX1, pCAMBIA-cLUC-RCN1, pCAMBIAcLUC-PIN1HL, pCAMBIA-cLUC-PIN2HL, and pCAMBIA-cLUC-PIN3HL, respectively.
For recombinant protein expression, a fragment encoding PIN2HL was released from pJET-PIN2HL by digestion with EcoRI and XhoI and inserted into the pET28a vector to generate the pET28-HIS-PIN2HL plasmid. Full-length cDNAs of FyPP3, FyPP3 D81N , PP2Ac4, and PP2Ac4 D89N were released from the pGEM-FyPP3, pGEM-FyPP3 D81N , pGEM-PP2Ac4, and pGEM-PP2Ac4 D89N plasmids by digestion with EcoRI and XhoI and then inserted into the pGEX 4T-1 vector to produce pGEX-GST-FyPP3, pGEX-GST-FyPP3 D81N , pGEX-GST-PP2Ac4, and pGEX-GST-PP2Ac4 D89N plasmids, respectively.
For Y2H assays, cDNA fragments encoding NT49 (the first 49 amino acids at the N-terminal region), the catalytic domain (CD; the region from amino acid 50 to amino acid 277), and CT287 (the C-terminal region, obtained by deleting the first 49 amino acids at the N terminus) of FyPP1 were amplified by PCR using pGEM-FyPP1 as the template with the primers F1-F2/F1NT-R, F1CD-F/R and F1CT-F/F1-R1. The full-length cDNA of PP2AA3 was obtained by RT-PCR with primers A3-F/R. The PIN1HL phosphorylation mimic mutant (PIN1HL, D3) and the PIN1HL dephosphorylation mimic mutant (PIN1HL, A3) were generated with the primers P1HLD1-F/R, P1HLD2-F/R, and P1HLD3-F/R and P1HLA1-F/R, P1HLA2-F/R, and P1HLA3-F/R, respectively. The PIN2HL phosphorylation mimic mutant (PIN2HL, D3) and the PIN2HL dephosphorylation mimic mutant (PIN2HL, A3) were generated with the primers P2HLD1-F/R, P2HLD2-F/R and P2HLD3-F/R and P2HLA1-F/R, P2HLA2-F/R, and P2HLA3-F/R, respectively. All of these fragments were then inserted into the pJET1.2 vector to generate pJET-NT49, pJET-CD, pJET-CT287, pJET-PP2AA3, pJET-PIN1HL(D3), pJET-PINHL(A3), pJET-PIN2HL(D3), and pJET-P2NHL(A3), respectively. NT49, CD, CT287, FyPP1, RCN1, and PP2A A3 were released by EcoRI and XhoI digestion from pJET-NT49, pJET-CD, pJET-CT287, pGEM-FyPP1, pJET-RCN1, and pJET-PP2AA3; SAL1, PIN1HL. PIN1HL, D3, PIN1HL, A3, PIN2HL, D3, and PIN2HL, A3 were released from the corresponding pJET plasmids by digestion with EcoRI and SalI. All released fragments were inserted into the pEG202 and pJG4.5 vectors (Yang et al., 2005) to generate fusions with LexA DNA binding domain or B42 acidic activator, respectively. For yeast threehybrid assays, FyPP1 was released by KpnI and XhoI from pGEM-FyPP1 and inserted into the pGAD-T7 vector digested with KpnI and XhoI to generate pGAD-FyPP1.
For the coimmunoprecipitation assays, full-length FyPP1 cDNA was amplified with F1-F2/R2 primers using pGEM-FyPP1 plasmid DNA as template and digested with EcoRI and SalI, and the fragment was inserted into the pSAT6-3HA vector to generate the pSAT6-FyPP1-3HA plasmid. The FyPP1-3HA coding region was then released from pSAT6-FyPP1-3HA by digestion with SacI and KpnI, and the fragment was inserted into the pCAMBIA3301 vector to produce the pCAMBIA-FyPP1-3HA plasmid. PIN2HL was released from pJET-PIN2HL by EcoRI and XhoI and inserted into pSAT6-3HA vector to generate the pSAT6-PIN2HL-3HA plasmid. pCAMBIA-PIN2HL-3HA plasmid was generated using the same strategy as for the pCAMBIA-FyPP1-3HA plasmid. FyPP1, SAL1, and RCN1 were amplified from pGEM-FyPP1, pJET-SAL1, and pJET-RCN1 with FyPP1-F3/R3, SAL1-F2/R2, and RCN1-F2/R2, respectively, digested by BamHI and SpeI, and then inserted into pCAMBIA-Myc (from Fang Chen, Yale University) to generate pCAMBIA-Myc-FyPP1, pCAMBIA-Myc-SAL1, and pCAMBIA-Myc-RCN1. Primers are listed in Supplemental Table 1 online.
In Vitro Ser/Thr Protein Phosphatase Activity Assays Recombinant proteins GST-FyPP3 and GST-FyPP3 D81N were expressed in Escherichia coli strain BL21 and purified as described previously (Park et al., 2008) . The activity of the phosphatases (GST-FyPP3, GSTFyPP3 D81N , GST-PP2Ac4, and GST-PP2Ac4 D89N ) was measured using a nonradioactive molybdate dye-based phosphatase assay kit (Promega) according to the manufacturer's recommendations. A synthetic phosphopeptide, RRA[pT]VA, was used as the substrate. The reaction mixture (50 mL) contained PP2A buffer with or without various cations (Zn 2+ , Fe 2+ , Mg 2+ , and Ca 2+ ), 100 µM phosphopeptide substrate, and 0.2 mg phosphatase. All buffers and cations were prepared in phosphate-free water. Okadaic acid was used as a phosphatase inhibitor. The reactions were incubated at 37°C for 45 min and then stopped by adding 50 mL molybdate dye-additive mixture. Color was developed by incubating the mixture for 30 min at room temperature. A standard curve for absorbance at 600 nm was prepared using 0, 100, 200, 500, 1000, and 2000 pmol inorganic phosphate solutions The phosphate released by the samples was then determined by extrapolating their A 600 against this standard curve.
Auxin Transport Assays
Auxin transport was measured according to a protocol previously described (Lewis and Muday, 2009) . Briefly, seedlings were grown vertically to 5 DAG and then transferred to assay plates with or without 10 µM NPA to grow for more than 1 h before starting the assay. Then, 100 nM of 3 H-IAA (American Radiochemical) was prepared in 1.25% agar (Sigma-Aldrich; type M) solution at 50°C, and the agar droplets (10 mL) were dispensed into a Petri dish, allowing them to solidify for 30 min in the dark at room temperature. The agar droplet was placed just under the root tip with an overlap of 0.5 mm. The plants were then incubated with the auxin source in darkness and grown vertically for 6 h at room temperature. For quantification of 3 H-IAA transport, a 5-mm section of root tip 2 mm away from the auxin application site was cut for scintillation counting (Beckman; LS6500). The amount of auxin transported was then calculated according to the formula described in the protocols.
In Vitro Phosphorylation Assays
Recombinant HIS:PIN2HL was expressed in E. coli strain BL21 and purified using Ni + -nitrilotriacetic acid resin according to the manufacturer's instructions (Invitrogen). In vitro kinase assays with plant extracts were performed essentially as described previously (Michniewicz et al., 2007 ) with a few modifications. Seedlings were harvested into liquid N 2 . Total proteins were extracted with 13 kinase buffer (25 mM Tris-HCl, pH 7.5, 1 mM DTT, and 5 mM MgCl 2 ), plus 13 protease inhibitor and 1 mM PMSF. Two micrograms of HIS:PIN2HL protein and 25 µg of plant seedling extracts were mixed in 13 kinase buffer, 13 protease inhibitor, 1 mM PMSF, and 13 ATP solution (100 mM ATP and 1 mCi [g-32 P]ATP) in a total volume of 50 mL. The reactions were incubated at 30°C for 30 min and then stopped by adding 5Χ loading buffer and boiling for 5 min. Products were separated by electrophoresis through 12% acrylamide gels, and the gels were stained, dried, and then visualized by exposure to X-ray films.
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In Vivo Phosphorylation Assays
Arabidopsis seedlings harboring PIN2pro:PIN2-GFP in Col and f1 f3 backgrounds were grown to 6 DAG, and then the roots of these seedlings were harvested. The membrane protein extraction was performed as previously described (Abas and Luschnig, 2010) , except that the protein phosphatase inhibitors were excluded from the extraction buffer. The membrane fractions were eventually solubilized in 0.1% Brij35 and preheated at 65°C for 10 min to inactivate the endogenous enzymes. Membrane fractions were subjected to l-phosphatase treatment as described previously (Michniewicz et al., 2007 ) with a few modifications. The membrane fraction from the Col background was added to 13 Mn 2+ (Sigma-Aldrich) and 13 l-phosphatase buffer (Sigma-Aldrich) in a total volume of 50 mL. After adding 13 l-phosphatase buffer to the membrane fraction from f1 f3 mutants, three treatments were performed in a volume of 50 mL: (1) plus 13 Mn 2+ , (2) plus 13 Mn 2+ and 200 units of l-phosphatase (Sigma-Aldrich), (3) plus 13 Mn 2+ , 200 units of l-phosphatase and phosphatase inhibitors (20 mM EDTA, 13 mM EGTA, 40 mM b-glycerolphosphate, 0.5 mM sodium orthovanadate, 10 nM okadaic acid, and 50 mM sodium fluoride). All samples were incubated at 30°C for 20 min. The reactions were stopped by adding 23 sample buffer (4% SDS, 250 mM Tris-HCl, pH 6.8, 80 mM dithioerythritol, and 40% glycerol) and heated. Samples were separated as described (Abas and Luschnig, 2010) and probed with GFP antibodies (Invitrogen; 1:1000). The second antibody, goat anti-rabbit IgG peroxidase antibody (Sigma-Aldrich), was used at 1:10,000. Detection was performed with the ECL Plus Western Blotting Detection System (GE Healthcare).
LCI Assays
The LCI assays were performed as previously described (H. . All LUC C and LUC N fusions were introduced into the Agrobacterium strain GV2260. Nicotiana benthamiana leaves were infiltrated with the appropriate bacterial strains and the plants were incubated in constant light at room temperature for 3 d before harvesting. The luciferase activity was then determined using a Xenogen IVIS Spectrum imaging system and quantified with Living Image software (Caliper).
BiFC Assay
The vectors for BiFC assays were derived from pSY728, pSY735, pSY736, and pSY738 vectors, as described previously (Bracha-Drori et al., 2004; Shen et al., 2009) . The coding sequence of FyPP3, PIN1, and PIN2 were amplified by PCR and cloned into the pSY vectors containing either the N-terminal (1 to 155 amino acids) or C-terminal (156 to 239 amino acid) regions of the YFP fluorescent protein (YFP N and YFP C ). Particle bombardment of possible pairwise combinations of plasmids and culture of the onion (Allium cepa) epidermal cells after bombardment were performed as described previously (Shen et al., 2009) . YFP fluorescence was observed with a Carl Zeiss LSM510 confocal microscope.
Immunolocalization Assays
Indirect immunofluorescence staining was performed with the InSituPro robot (Intavis) according to the described protocol (Sauer et al., 2006) . Antibodies and final dilutions were as follows: rabbit anti-PIN1 (Paciorek et al., 2005) 1:1000; rabbit anti-PIN2 (generously provided by C. Luschnig) 1:1000; and Cy3 anti-rabbit (Sigma-Aldrich), 1:600. Imaging was performed on a confocal laser scanning microscope. Basal localization was defined as the localization of PIN proteins to the basal side (rootward, lower) of the root cells; apical localization was defined as the localization of PIN proteins to the apical side (shootward, upper) of the root cells, while apolar localization had localization of PINs other than basal or apical, including PIN localization with lateral, basal/lateral, or apical/ lateral signals.
GUS Histochemistry
The seedlings of DR5:GUS in FyPP1pro:GUS and FyPP3pro:GUS transgenic backgrounds were submerged in GUS staining solution [50 mM sodium phosphate, pH 7.0, 0.5% Triton X-100, 5 mM EDTA, 0.5 mM K 3 Fe (CN) 6 , 0.5 mM K 4 Fe(CN) 6 , and 2 mM 5-bromo-4-chloro-3-indolyl glucuronide) at 37°C for 0.5 h (for DR5:GUS) or 1.5 h (for FyPP1pro:GUS and FyPP3pro:GUS), cleared and fixed with acidic acid/alcohol (6:1), mounted with the mixture of chloral hydrate/distilled water/glycerol (8:3:0.5) and observed with differential interference contrast optics (Leica DM5500).
Y2H Assays
Y2H assays were performed as previously described (Yang et al., 2005 dropout (for yeast three-hybrid assays) plates supplemented with 13 buffered salt, 2% Gal, 1% raffinose, and 0.08 mg/mL X-Gal. Liquid assays were performed using the Yeast b-Galactosidase Assay Kit (Pierce) according to the manufacturer's instructions.
Coimmunoprecipitation and Immunoblot Assays
Various expression vectors were introduced into the Agrobacterium strain GV2260. Various combinations of plasmids were coinfiltrated into tobacco (Nicotiana tabacum) leaves as previously described (H. and grown for 3 d. Protein extraction and coimmunoprecipitation were performed as described (Moffett et al., 2002) . Briefly, for protein extraction, 1 g of tobacco leaves pulverized in a prechilled mortar with liquid N 2 was thawed in 2.5 mL of GTEN extraction buffer (10% glycerol, 25 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl, 10 mM DTT, and 2% [w/v] polyvinylpolypyrolidone) and 13 protease inhibitor cocktail (Sigma-Aldrich plant protease inhibitor cocktail). Protein extracts were cleaned by centrifugation and passage through an acrylamide-based desalting matrix column (Bio-Gel P6 DG) before immunoprecipitation. IP was performed with 25 mL precleaned a-HA affinity matrix (Roche) and 1 mL desalted protein extracts in immunoprecipitation buffer (GTEN buffer, without polyvinylpolypyrolidone, plus 0.15% Nonidet P-40). After immunoprecipitation, the matrix was washed four times with fresh immunoprecipitation buffer. Proteins were then released and collected by boiling the matrix in 13 SDS loading buffer for 5 min. Immunoprecipitation products were separated by electrophoresis through 10% acrylamide gels, and the target proteins were detected by protein gel blots using a-LUC (SigmaAldrich), a-HA, or a-Myc antibodies (Roche).
Gel Filtration Chromatography
For gel filtration analysis, 7-d-old Arabidopsis seedlings were extracted in a lysis buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 1 mM EDTA. Extracts were centrifuged at 13,000g for 15 min at 4°C and then filtered through 0.22-µm syringe filters. Superdex 200 columns (Amersham Biosciences) were used to fractionate the samples. After the void volume was eluted, consecutive fractions (500 µL) were collected, concentrated using Strataclean resin (Stratagene), and then analyzed by protein gel blots with a-HA (Roche) and a-GFP (Invitrogen) antibodies.
Microscopy and Confocal Observations
Root cap starch granules were stained with 1% Lugol's staining solution (Sigma-Aldrich) for 2 min at room temperature, rinsed in water, and cleared with chloral hydrate/distilled water/glycerol (8:3:0.5) and observed by differential interference contrast microscopy (Leica DM5500). To observe the root meristem structure, roots were submerged in 20 mg/mL propidium iodide solution (Invitrogen) for 2 to 5 min at room temperature, rinsed in water, and observed with a Carl Zeiss LSM510 confocal microscope. GFP fluorescence was observed with a Carl Zeiss LSM510 confocal microscope.
Gravitropism Assays
Gravitropism assays were conducted essentially as described (Rashotte et al., 2001 ). Five-day-old seedlings were transferred to fresh MS plates and grown vertically for 24 h, and then the plates were reoriented 90°. The angles of new root growth were captured with a Nikon camera every 4 h over a 24-h period after reorientation. The angles were then measured by ImageJ (http://rsb.info.nih.gov/ij/) software. To assay root vertical growth index, seedlings were grown vertically on MS plates for 5 d. The quantification tool in ImageJ software was used to calculate the vertical growth index (VGI = vertical length/root length) (Zhang et al., 2010) .
Hormonal Treatments
Hormonal treatments were performed essentially as described . Three-day-old seedlings were transferred onto assay plates (with either 2,4-D or 1-naphthaleneacetic acid) or control plates (without hormone). The primary root positions were marked. The seedlings were then grown for 4 d vertically under continuous light. New root growth was measured with a ruler. The relative root growth was then calculated by comparing the new growth on the assay plates with the new root growth on control plates. Lateral roots were observed using a dissecting microscope and counted if there was a visible primordium. For IAA treatment, after 5 d of vertical growth, seedlings harboring DR5:GUS in different backgrounds were transferred onto the plates with 100 mM IAA for 18 h and then the seedlings were rinsed in water and subjected to GUS staining. For NPA treatment, the seedlings were grown on plates for 5 d and then transferred to plates with or without 0.3 mM NPA to grow for one more day. The seedlings were then harvested for staining with Lugol's staining solution, followed by microscopy observation.
Accession Numbers
The National Center for Biotechnology Information accession numbers for the genes studied in this work are At1g50370 (FyPP1), At3g19980 (FyPP3), At1g07990 (SAL1), At1g30470 (SAL2), At2g28360 (SAL3), At3g45190 (SAL4), and AT2G42500 (PP2Ac4). National Center for Biotechnology Information accession numbers for the proteins are At FyPP1, NP_175454; At FyPP3, NP_188632; Os PP6c, NP_001043937; Zm PP6c, NP_001142145; Pt PP6c, XP_002310919; Hs PP6c, NP_002712; Mm PP6c, NP_077171; Cs SIT4, CAA98609; At PP2Ac1, Q07099; At PP2Ac2, Q07098; At PP2Ac3, P48578; At PP2Ac4, Q07100; and At PP2Ac5, O04951.
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